Introduction
Erythritol is a four-carbon sugar alcohol that has been approved for use as a natural sweetener and a food additive in the United States [5] . Thus far, several studies have reported that erythritol possesses a much lower energy value (0.2 kcal/g) than sucrose (4 kcal/g) and has 60-70% of the sweetness of sucrose in a 10% (w/v) solution [23, 25] . This makes erythritol a preferred non-nutritive or low-calorie sweetener for the dietary management of diabetes mellitus. In addition, erythritol is used as a flavor enhancer, humectant, stabilizer, formulation aid, and thickener [14] . In particular, its toxic activity that helps inhibit the fruit fly Drosophila melanogaster has been reported [1] . Overall, there is considerable interest in exploring genetically engineered erythritol because of its characteristic natural sweetness and low calorific value.
Erythritol is usually manufactured by microbial methods, using osmophilic yeasts or certain bacteria, by a simple process involving cheap starting materials [26, 29, 34] . It is efficiently produced by several high-yield strains such as Trichosporonoides megachiliensis SNG-42 or Candida magnoliae JH110 [13, 16] . Moreover, T. oedocephalis, which can tolerate up to 60% (w/v) of glucose, is an ideal organism that can be used for the industrial production of erythritol [27] . Unfortunately, the large amount of glycerol generated as a byproduct during the production of erythritol by T. oedocephalis hinders further separation and purification [6] . Therefore, limiting the quantity of the glycerol byproduct is particularly important for increasing the yield of erythritol. In our previous study, we observed that the production of glycerol could be dramatically reduced by optimizing the culture conditions, such as controlling the dissolved oxygen and stirring in the process of ribitol production by T. oedocephalis ATCC 16958 [19] . By adopting this strategy, glycerol becomes the main product in the early stage of the fermentation process while erythritol and ribitol are mainly synthesized in the stationary phase.
However, the molecular mechanism underlying glycerol regulation and erythritol production during the culture of T. oedocephalis is still unclear.
It is well known that HOG1 (high-osmolarity glycerol response pathway), a member of the mitogen-activated protein kinases (MAPKs) family, plays an important role in the accumulation of the compatible solute glycerol. The three-tiered cascade of protein kinase HOG1, known as MAPK, is the molecular device for eliciting these responses [4] . In cells, partially redundant MAPK kinases including Pbs2p can stimulate the phosphorylation and nuclear translocation of HOG1p, leading to the expression of a number of genes and production of glycerol so as to prevent dehydration [3, 21] . In particular, in the response of yeast to hyperosmotic stress, the activation of the HOG pathway by the increase in extracellular osmolarity elicits a wide range of responses, and transcription of the glycerol-3-phosphate dehydrogenase gene (GPDH) dramatically increases, resulting in the accumulation of the compatible solute glycerol [31] . However, whether HOG1 also regulates glycerol and erythritol production in T. oedocephalis is still unclear.
The knockout procedure is a key strategy for the molecular dissection of gene function in many microbes. As an efficient gene disruption technology, the Cre/loxP cassette system is widely applied to yeast in combination with the heterologous dominant Kan R . The short yeast DNA sequences on either side of a marker gene are integrated into the yeast genome by homologous recombination [2] . Kan R , with resistance to the antibiotic G418, eliminates the need for yeast strains that are auxotrophic for the markers normally used for gene disruption [30] . In addition, the Kan R without homology to the yeast genome is driven by the Ashbya gossypii TEF2 promoter and terminated by the A. gossypii TEF2 terminator, which leads to minimal recombination between the yeast genome and the internal parts of the KanMX disruption cassette [11] . In view of the widespread use of the Cre/loxP system in yeast, it is surprising that previous studies have rarely reported systematic approaches to the gene deletion of T. oedocephalis.
In this study, we initially attempted to adopt the Cre/loxP system containing the KanMX gene disruption cassette for HOG1 gene knockout in T. oedocephalis. Then, the T. oedocephalis HOG1 knockout mutants were constructed and evaluated for their ability to produce glycerol and erythritol in shake flasks. Meanwhile, the effects of citric acid on the production of glycerol and erythritol by mutant and wild-type T. oedocephalis were investigated in detail. This research could help enhance the application of genetically engineered bacteria for deletion HOG1 site in erythritol biosynthesis.
Materials and Methods

Strains and Plasmids
The wild-type strain T. oedocephalis ATCC16958 used for this study was purchased from American Type Culture Collection (ATCC, USA). The plasmids used in this study, pug6 and psh65, were obtained from Addgene, USA. E. coli JM109 was selected as the host for plasmid construction and was propagated at 37°C in LB medium (10 g/l tryptone, 5 g/l yeast extract, and 10 g/l NaCl). T. oedocephalis was cultivated in yeast extract peptone dextrose (YPD) medium (600 g/l potato, 20 g/l glucose, and 5 g/l yeast extract).
Analysis of Conserved Sequence and Amplification of HOG1
From the gene bank, four DNA sequences of HOG1 that belonged to Saccharomyces cerevisiae S288c, Candida albicans SC5314, Candida dubliniensis CD36, and T. megachiliensis were analyzed to design the primers for amplification of the full-length sequence of HOG1 by DNAMAN Primer 5.0. Primers F-cqHOG1 and R-cqHOG1 were synthesized according to the conserved sequence of HOG1 in primer 5.0, adhering to the general rules of PCR primer design. The primer sequences are given in Table 1 .
Genomic DNA and RNA were extracted from T. oedocephalis, which were harvested using the Dr. GenTLE (from Yeast) High Table 1 . Oligonucleotide primers used in the study. 
